ABSTRACT Transcranial direct current stimulation (tDCS) is an emerging non-invasive neuromodulation method that is convenient and popular for clinical use. However, there is a practical issue when tDCS is applied to actual subjects, in which the geometrical variation in each model influences the effect of the predicted electric field (EF) distribution tDCS induces, and thus, may evoke unexpected EF distributions. In this paper, we investigated the effect of geometrical variations in the conventional two-pad tDCS and multi-array tDCS. For comparison, we constructed five spherical models of various thicknesses with cerebrospinal fluid and skull, as well as three anatomical head models. Thereafter, tDCS' stimulation effects in the primary motor cortex (Brodmann area 4) were compared with respect to the EFs induced. We observed that geometrical variation's effect is obvious for both forms of tDCS; but regardless of inter-subject variability, the multiarray tDCS montage may yield induced EFs of comparable or higher intensity and far greater focality. Thus, the multi-array tDCS is expected to have great potential to overcome inter-subject variability.
I. INTRODUCTION
Transcranial direct current stimulation (tDCS) is among the noninvasive brain stimulation methods used for neuromodulation, and it has been being investigated as the primary or alternative treatment of various neuropsychiatric disorders, including Parkinson's disease [1] , epilepsy [2] , aphasia [3] , Alzheimer's [4] , stroke rehabilitation [5] , and others [6] . In addition, tDCS is used to study brain network function by changing the brain circuitry safely [7] . tDCS has good potential because of its cost and flexibility of montages compared to transcranial magnetic stimulation (TMS), which is another noninvasive brain stimulation technique [8] . tDCS delivers weak direct currents (1-2 mA) through electrodes attached to the scalp to change spontaneous firing rates [9] , and thus, the tDCS effect desired is to regulate neuronal activity properly in a specific brain region. Conventional tDCS uses pad-type electrodes (25-35 mm 2 ) as the source of the current delivered to the brain region of interest (ROI); the anode electrode is positioned radially over the ROI and the cathode is positioned at a location distant from the anode, such as supraorbital (SO) or Oz placement in the 10-10 international system used commonly in electroencephalography (EEG) studies. In computational studies of an anatomical head model, which should be a head model constructed from magnetic resonance images (MRI) with a realistically high spatial resolution, researchers have found that the conventional tDCS montage showed variations in peak values of the stimulusinduced electric field (EF) depending on individual anatomical differences [10] - [12] . In addition, a large variety of motor responses was observed during tDCS even when the same montage was applied to individuals [13] .
To predict specific tDCS montages' effects with respect to its application to actual patients, it is important to study various factors that cause individual variation and ways to reduce them. Some computational studies have been conducted to investigate the head model's geometrical features' effect on the stimulus-induced EF during tDCS, such as local sulcal depth, scalp thickness, total cerebrospinal fluid (CSF) volume, head model volume overall, etc. [14] , [15] . Edwards et al. [16] showed variation in the motor evoked potential (MEP) transcranial electrical stimulation induced, simulated EF distributions across subjects, and observed a reasonable agreement between computational modeling and experimental data. Further, Laaskso et al. [14] investigated inter-subject variability by constructing 24 anatomically accurate head models using MRI data and reported correlations between the stimulus-induced EF and such geometrical features as layer thickness and sulcal depth. Opitz et al. [15] studied tDCS intra-subject variability in EF distributions through local anatomical features, and found commonly that the skull thickness and CSF might be crucial factors that determine tDCS-induced current flows attributable to the shunting effect.
Previous therapeutic studies [17] , [18] have shown that proper stimulation lead size and location in both invasive and non-invasive methods are related directly to therapeutic effects in neurological disorders such as Parkinson's disease. However, in the conventional tDCS montage, the pad electrodes' positions are determined considering only the ROI's location, and thus, these large electrodes may be disadvantageous in adjusting the influence of tDCS precisely. Therefore, targeting the ROI in the brain optimally through conventional tDCS (using relatively large pads) is difficult, considering the individual variability in head geometry. To compensate for this limitation, multi-array tDCS using smaller disk-type electrodes has emerged recently to improve the stimulation's efficiency [11] , [16] , [19] . The advantage of multi-array tDCS is its enormous degree of freedom in the combination of electrode placement that derives from adjusting current injection patterns. Thus, multi-array tDCS may be a more optimal montage to achieve smaller variations in individual subjects during ROI stimulation.
Previous studies have reported the improved effect of multi-array tDCS and investigated the way optimization results change depending on the ROI using an anatomical model [20] , [21] . However, geometric variation's effects on tDCS montages with multi-array electrodes have been addressed rarely using multiple anatomical head models. Each anatomical head model has a unique and complex structure that consists of gyri and sulci, and thus, comparative studies of different models may be difficult [22] , [23] . Therefore, the effect of head models' geometrical features on the stimulus-induced EF were investigated using a concentric spherical head, assuming the simplest cases of conventional and multi-array tDCS [24] . Here, the results from concentric spherical head models and anatomical head models were considered to investigate the differences complex structures such as gyri and sulci induced, and were analyzed with respect to the EF (|EF|) strength when the primary motor cortex was targeted as ROI. In addition to the EF magnitude that is considered in most computational studies, we calculated two directional components of EF, that flowing radially (radial field: RF) and tangentially (tangential field: TF) to the cortical surface in this work. The reasons to analyze directional fields were that the EF's direction influenced neuronal excitability during tDCS significantly [25] . Thus, from the viewpoints of three field types, optimized multi-array tDCS' effects on geometrical features' variation were assessed (in terms of field strength and focality) and compared with those of the conventional tDCS with multiple spherical and anatomical head models.
II. METHODS

A. HEAD MODELING
Two types of volume conductor models for tDCS (spherical head models and anatomically realistic head models) were developed to investigate head models' geometrical features' effects on stimulus-induced field strengths. First, we constructed concentric spherical head models, which are used frequently in computational studies and allow direct comparison of myriad potential tDCS montages [26] . The spherical head models consisted of four layers representing the scalp, skull, CSF, and brain, and we made five models by varying the outer radius of the skull from 80 mm and 84 mm in increments of 1 mm. The thickness of the skull and the CSF varied, while the thickness of the other layers was fixed. Therefore, as Figure 1 shows, the thickness of the skull and the CSF was 7 mm and 2 mm, respectively, for spherical head model 1 (S1), and 3 mm and 6 mm, respectively, for spherical head model 5 (S5). The radii of the outer layers were 90 mm, 87 mm, and 78 mm for the scalp, skull, and brain, respectively [27] . We then assigned isotropic values to each layer's conductivities as follows: (in units of S/m) skin: 0.465; skull: 0.010; CSF: 1.650; brain: 0.200 [10] . FIGURE 1. Cross-section of the two concentric spherical head models. The models include four layers (skin, skull, CSF, brain), and the skin layers of the two spherical heads had a minimum skull or CSF layer thickness, respectively. Therefore, the sum of the thickness of skull and CSF layers for all spherical head models was constant.
FIGURE 2.
Cross-section of the three anatomical head models. These models include five layers (skin, skull, CSF, GM, WM). Each model was constructed based on different magnetic resonance imaging data.
The model was implemented in COMSOL Multiphysics (version 5.2a; Burlington, MA).
Second, anatomically realistic head models were generated for three healthy subjects (3 females, 22-35 years of age) using MRI data obtained from the Human Connectome Project [28] , in which the T1-and T2-weighted MRIs' resolution was 0.7 mm. As shown in Figure 2 , we obtained surface meshes of these three models for each segmented layer, including the scalp, skull, CSF, gray matter (GM), and white matter (WM), based on the SimNIBS pipeline [29] . SimNIBS pipeline includes several freewares for segmentation. Freesurfer was used to segment GM and WM [30] , and the CSF, skull, and scalp were segmented with FMRIB Software Library (FSL) [31] . Then, the head model was modified using meshfix to exclude self-intersections or inaccurate node information [32] . The anatomical head modeled from the apex of the head to the chin because it was good enough to calculate accurately electric fields compared to the head model spanning to the chest [33] .
Except for the brain, the anatomical models' layers had the same isotropic conductivities as did the spherical head models; the conductivities of GM and WM were 0.276 S/m and 0.126 S/m, respectively [34] .
B. ELECTRODE MODELING AND FIELD CALCULATIONS
We constructed two types of electrodes, the pad-type for the conventional tDCS, and disk-type for the multi-array tDCS. For the conventional tDCS, two pad-type electrodes 2 mm thick with an area 5 × 5 cm2 were modeled and assigned 1.4 S/m isotropic conductivity. Many papers have observed a motor MEP tDCS effect when tDCS is applied to actual subjects [14] - [16] . For this reason, we set the primary motor cortex as the ROI in this work to increase reliability and realistic reproducibility. Accordingly, we placed these electrodes such that the active (anode) electrode targeted the ROI, which was the primary motor cortex (Brodmann area 4) and the return (cathode) electrode was on the contralateral supraorbital area. For the spherical head models, the ROI was set to an area beneath the C3 with a 10 mm radius according to the 10-10 system used in EEG studies, in which the anode is placed on C3 and the cathode is attached to Fp2. For the anatomical head models, the ROI (the primary motor cortex) was defined through cortical parcellation using Freesurfer [31] , which provides the mesh information according to Brodmann's map of human cortical areas. After the ROI was determined, pad-type electrodes were modeled with NeuroPhet software to cover the ROI in each head model [35] . Multi-array tDCS uses disk-type electrodes 2 mm thick with a 6 mm radius, and gel 2.5 mm thick with a 6 mm radius between the scalp and the electrode. The electrical conductivities of the electrode and gel were 5.9×10 −7 S/m and 0.3 S/m, respectively [10] . For both the spherical and anatomical head models, a total of 39 electrodes was constructed according to an extension of the 10/20 international system of electrode placement, including 27 default locations. The electrode configuration followed the StarStim device specifications [36] . For the spherical head models, multi-array electrodes were modeled using COMSOL Multiphysics and the disk-type electrodes for anatomical models were made with custom-developed scripts implemented in MATLAB (2013b, The Mathworks, Inc., Natick, MA, USA) as described previously [29] .
After merging the surface meshes, we used Tetgen [14] and Iso2mesh [15] to generate optimized volumetric mesh for the head models, including electrodes, and tetrahedral volume mesh was constructed for finite element method (FEM) computation. There was a total of approximately 1 million tetrahedral elements in the spherical models and 10 million in the anatomical models. In the case of conventional tDCS, the potential of the active electrode over the ROI was set to 2 mA and the return electrode was set to ground. The model's external boundaries were set as an electric insulator (current density = 0). The stimulus-induced EFs were then calculated via the FEM in COMSOL Multiphysics using the conjugate gradient method with a relative tolerance of 10 −6 .
For the stimulus-induced EF, we analyzed the strength of EF (|EF|), RF (|RF|) and TF (|TF|). RF is computed as the inner product of EF ( E) and the normal vector ( n) (|RF| = | E · n|), and TF is defined as the cross product of EF and the normal vector (|TF| = | E × n|). We analyzed intensity through the 90 th and 80 th percentiles of field strengths on the ROI, the maximum magnitude of field strengths on the GM, and the mean magnitude of field strengths on the ROI. Focality was calculated as the percentage of the area over the 90 th (focality 90% ) and 80 th (focality 80% ) percentiles of field strengths at the cortex.
C. OPTIMIZED MULTI-ARRAY tDCS
For the multi-array tDCS, we attempted to achieve efficient tDCS montages with respect to stimulus intensity and focality on the ROI. To identify the optimal dose of current injected,
for M electrodes, we calculated M-1 bipolar solutions where the M th electrode was fixed as the reference electrode. Thereafter, using the principle of superposition, the field strengths (EF, RF, and TF) are given by E = I 1 E 1 + · · · + I M−1 E M−1 , where E m is the field strength calculated by a bipolar stimulation with m th active electrode. We minimized the error between E and the ideal vector 'o' that represented the EFs desired. Ideal vector 'o' assumes different values whether or not they are included in the ROI. Then, we expressed the objective function as follows:
where W was the weight controlling the matrix [20] . As the current injected typically was constrained to 2 mA in each electrode and 4 mA for the total current to prevent excessive current flow to the brain and avoid wounding the skin [37] , we simulated the safety conditions as follows: |I n | ≤ 2 mA, n = 1, 2, . . . M − 1, M and n |I n | + n I n ≤4 mA. Matlab and freeware CVX were used to solve the objective function in the form of the constrained linear least-square problem [38] , [39] .
We proposed an optimized montage of multi-array electrodes using |EF|, |RF|, and |TF| on the cortical surface and tDCS' improved efficiency with respect to stimulus intensity and focality regardless of the head models' different geometrical features. To analyze intensity and focality when optimization is applied, we used the same measures in the analysis as those in the analysis of conventional tDCS.
III. RESULTS
A. EFFECTS OF THE CONVENTIONAL TWO-PAD tDCS AND MULTI-ARRAY tDCS USING SPHERICAL HEAD MODELS
The skull and CSF thickness in the spherical models differed geometrically, but remained constant for the brain, and because of their simple geometry, tDCS' different effects in each model could be analyzed by focusing only on the latter two parameters. When we observed the conventional and multi-array tDCS' field strengths in the ROI via percentiles, the conventional tDCS showed increased EF and RF strengths when the CSF thickness increased and the skull thickness decreased (Figure 3 ). Compared to |EF| and |RF|, the |TF| in the ROI showed no positive trend depending on the increment of CSF thickness, and 90 th percentile of FIGURE 4. Spatial distributions of the conventional tDCS used to stimulate the motor cortex in the spherical models. (a) To stimulate the motor cortex via conventional tDCS, the anode is beneath the C3 position in the 10 by 10 system, and the cathode is beneath the supraorbital position. Here we depict the spatial distributions of field strengths (b); each column shows different types of fields, and the thicknesses of CSF and skull differ depending on the model. The black number under each surface plot is the peak GM magnitude, and the red number represents the mean magnitude in the ROI.
|TF| was approximately 0.04 V/m in all models, while the value was less than 1/4 compared to RF and EF. When the multi-electrode tDCS was applied to the spherical head models, the field strengths increased greatly compared to the results from the conventional tDCS, regardless of field type and models, and spherical head model 5 (S5 in Figure 3) , which had the greatest CSF thickness, showed the greatest field strengths. In the surface area included in the ROI, where the field magnitude is over 90% or 80% of the peak field magnitude, the conventional tDCS showed that focality 80% of electric fields did not exceed 80%, and the focality 80% of the tangential fields was less than 30%; only the radial field had approximately 100% of focality 90% and focality 80% . However, the focality 90% of the multi-electrode tDCS was nearly 100% in all cases. Figure 4 depicts the field strength distributions on the cortical surface for the five spherical head models. Generally, higher |EF|s were observed in the cortical area between the anode and cathode. Higher |RF| field strengths were focalized beneath the anode and cathode, but the TFs were not focused on the ROI. Therefore, the mean TF magnitudes in the ROI were far smaller than were those in other fields. The differences between the GM peak value and mean field magnitude in the ROI were greatest for |TF|, which indicated that the highest |TF| was not concentrated on the ROI. These differences in TF increased from S1 to S5, because TF intensities in the ROI were comparable for all models, while the peak value of |TF| in the cortex increased with increasing CSF thickness and decreasing skull thickness in the spherical head models. As shown in the spatial distributions of EF and RF in Figure 4 (b), both peak values of EF and RF in the cortex and intensity in the ROI increased from S1 to S5.
As Figure 5 shows, we optimized the multi-array tDCS with respect to three types of field strengths (|EF|, |RF|, and |TF|) in the five spherical head models (S1, S2, S3, S4 and S5). Compared to the conventional tDCS, the multi-array tDCS showed focalized distributions of higher field strengths on the ROI, and both peak values in the cortex and the VOLUME 7, 2019 FIGURE 5. Optimal current patterns in each spherical model and the type of field. The topoplots show the optimal pattern when the multi-array tDCS was applied to any model. Each optimization had different variables depending on the type of field targeted. The black number under each surface plot is the peak GM magnitude, and the red number represents the mean magnitude in the ROI. mean magnitude in the ROI increased significantly. We found different montages of multi-array tDCS according to different model geometries and field types that shared one fixed active electrode (anode) that was located to target the ROI and surrounding cathode electrodes directly.
B. EFFECTS OF THE CONVENTIONAL TWO-PAD tDCS AND MULTI-ARRAY tDCS USING ANATOMICAL HEAD MODELS
In contrast to the spherical head models, which have a simple geometry, anatomical head models have a complex cortical geometry in the infolding and gyri; for example, each model showed a unique omega shape, defined as the hand knob in the primary cortex, as shown in the magnified figure in Figure 6 . As we targeted the primary motor cortex, including the hand knob, the target area's different shapes across anatomical head models might affect the tDCS results.
First, we analyzed the field strengths (90 th and 80 th percentiles: Figure 6a -c) and focality in the ROI (Figure 6d-f) . When we observed field strengths in the ROI for the conventional tDCS, anatomical model 2 (A2) had the highest strengths for |EF|, |RF|, and |TF|, while |EF| and |RF| for A2 had approximately two times higher field strengths compared to the other anatomical models. Generally, when we optimized the multi-array tDCS, field strength increased compared to the conventional tDCS. However, |EF| for A1 and |RF| for A2 showed comparable field strengths between the two. Optimization of the multi-array tDCS showed greater efficacy with respect to |TFn| field strengths, such that they increased more than two times compared to the conventional tDCS. Specifically, compared to the conventional tDCS, the multi-array tDCS resulted in significantly increased focality for all anatomical head models and field types (Figure 6d-f) . For example, focality 90% of anatomical model A1 increased approximately 6 times for |EF|, 8 times for |RF|, and 10 times for |TF|, respectively.
Although three anatomical models were simulated under the same montages as that of the conventional tDCS (anode: primary motor cortex; cathode: contralateral supraorbital area), the spatial distribution varied notably across the models, as shown in Figure 7 . Consistent with the spherical head models' spatial distributions, in general, the anatomical head models induced higher field magnitudes in the cortical area between the anode and cathode. Interestingly, the anatomical models that induced the highest peak values in the cortex did not produce the highest intensity in the ROI, which indicated diffused field distributions not focalized on the ROI. We note that in the spherical models, the shape of the field distribution differed depending on the direction of the field's vector. For example, the EFs were distributed largely between the anode and cathode, but most RFs were focalized around the anode and cathode. Unlike the cases of the spherical models, all fields in the anatomical head models were focalized between the anode and cathode. Considering the local brain anatomy in the ROI, |RF| was greater in the sulcal walls than the pits and gyral crown, while conversely, TF showed higher field magnitudes on the gyral crown attributable to the direction of current flow conventional tDCS induced.
The optimized multi-array tDCS in the anatomical head models resulted in more efficient tDCS with respect to intensity and focality regardless of the field type (Figure 8 ). The mean magnitude in the ROI increased in the multi-array tDCS compared to the conventional tDCS, except in the case of EF in model A2. In particular, the mean TF value in model A2 increased approximately three times, from 0.038 V/m to 0.121 V/m, when the multi-array tDCS was applied, and in other models, the maximal optimization effect also was observed with maximized TFs. As well as the increased intensity, the field distributions were concentrated clearly on the ROI when the multi-array tDCS was applied. Electrode placement in the multi-array tDCS showed a wide variety of patterns depending on the models and field types. In the case of RF and EF, the anodes were located near the ROI, but for TF, the anode was located at the center of the GM (Figure 8 ) when the greatest difference in the optimized current pattern was in the location of the anodes. Expectedly, the anode always was located in the C3 position in the spherical head models; however, their locations varied in the anatomical head models. The common characteristic of both the spherical and anatomical head models was that the cathodes likely were located surrounding the anodes (Figures 5 and 8) .
IV. DISCUSSION A. CONSIDERATION OF GEOMETRICAL VARIATION IN tDCS
The effect of tDCS depends on various parameters, including montages and individual anatomy [19] , [40] , [41] . For example, tDCS might enhance underlying cortical excitability beneath the anode and inhibit it beneath the cathode [42] . However, tDCS did not produce consistent outcomes, and thus, positive effects were not always replicated in follow-up studies [12] . Therefore, to identify which factors may affect variations in stimulus-induced EF that might be related to tDCS outcomes, we investigated the effect of head models' geometrical variation for the conventional tDCS, and also proposed the multi-array tDCS to determine its potential to overcome such individual variability.
We identified the geometrical variation's effect using both the spherical and anatomical head models. It was difficult to investigate which anatomical factors affected the tDCS-induced EF using the anatomical head models because of their complex geometry. Therefore, we incorporated the spherical models as well by changing the thicknesses of two layers in the skull and CSF. As CSF is the tissue with the highest conductivity (1.65 S/m), the movement of injected current is more likely in the CSF. In contrast, the skull has the lowest conductivity in the head (0.01 S/m). Thus, in the boundary between the two layers, the current injected may experience a large change in conductivity, and spread horizontally in the CSF layer [43] . Therefore, in tDCS studies, CSF and skull might be the principal influential geometric features. Notably, we found that varying the field strengths' distributions on the ROI over multi-subject models might be used to predict subject-specific MEP variations [16] and neuronal responses [25] .
B. COMPARISON BETWEEN MODELS AND DIRECTIONAL FIELDS
It is challenging to compare the spherical and anatomical head models directly, although both are used commonly in tDCS studies. Spherical head models have been used to specify the CSF and skull's effects, while anatomical head models are used to investigate geometrical features' effects overall and calculate field strengths precisely. With conventional tDCS, the stimulus intensity of |EF| and |RF| in the spherical head models showed positive trends with respect to the CSF thickness, but there was a negligible change in |TF| regardless of model geometry. This might be attributable to the spherical models' simple geometry, which excluded gyral and sulcal characteristics. In the spherical models, the ROI was located directly below the anode and dominant current flowed vertically. Therefore, TF that flowed parallel to the cortical surface had less influence relative to the variation in skull and CSF thicknesses.
Unlike the spherical head models, the anatomical head models' geometrical effects on the field strengths (|EF|, |RF| FIGURE 8. Optimized current patterns in each anatomical head model and type of field. The topoplots show the optimized pattern when the multi-array tDCS was applied to each anatomical head model. The variables in each optimization differed depending on the type of field targeted. The black number under each surface plot is the peak magnitude in the GM, and the red number represents the mean magnitude in the ROI. The field distributions are based on each 80% value of the peak field magnitude.
and |TF|) could not be analyzed simply across head models because of the complex cortical geometry in the infolding and gyri. However, the mean thicknesses of CSF and skull in the ROI in the three anatomical models showed a positive association with the mean field magnitudes in the ROI when conventional tDCS was applied. The CSF thickness over the ROI may be defined as the distance between the GM and CSF surfaces in the direction normal to the surface, and skull thickness may be defined as the distance from GM to skull minus the CSF thickness. Thus, we found that the mean CSF thicknesses in each model were 14.14, 12.74, and 16.93 mm, respectively, for A1, A2, and A3, and the mean skull thicknesses were 5.54, 5.12, and 5.88 mm, respectively.
Rahman et al. [44] found that the direction of cortical current flow tDCS induced had a relative influence on modulating cellular targets, and Buzsáki et al. [45] reported that EF flowing parallel to the somatodendritic axis contributes preferentially to neuronal excitation. Further, a prior TMS study found evidence that the TMS-induced EF's radial component showed preference for primary motor cortex stimulation because stimulus-induced EF flowed longitudinal to the number of targeted cortical neurons possible [46] . In accordance with previous observations, we investigated tDCS' effect considering directional fields (EF, RF and TF). Therefore, comparative investigation of the conventional and optimized multi-array tDCS with respect to each directional field might offer a means to improve tDCS efficacy, and thus, could help replicate consistent tDCS outcomes.
C. ADVANTAGES OF OPTIMIZED MULTI-ARRAY tDCS
To confirm the optimized multi-array tDCS montages' efficiency, we compared two tDCSs (optimized multi-array and bipolar montages, both of which used disk electrodes) in model S1. Bipolar stimulation was simulated by applying 2 mA and −2 mA to the anode and cathode, respectively, and each electrode was positioned directly over C3 in the 10-10 international system and the contralateral supraorbital area. As Figure 9 shows, the optimized multi-array tDCS produced higher focality and comparable intensity in the ROI compared to the bipolar stimulation. In addition, while the bipolar stimulation showed diffused field distributions in EF and TF, the optimized montages induced field distributions focused on the ROI. A recent study has shown that increasing the tDCS intensity does not always have a positive effect, but rather, it might be better to focalize the current flowing to the specific region in the brain [47] . Accordingly, our results from VOLUME 7, 2019 FIGURE 9. Validation of multi-array tDCS optimization. The optimization technique was validated for each field (EF, RF, and TF) using S1. We set the weighting matrix in the objective function to maximize focality as much as possible without affecting the intensity. The focal area was defined as the surface area of the GM, where the field magnitude is greater than 60% of the peak value. Accordingly, a small focal area indicates that the field distribution is focused more on the ROI. The unit of mean value in the ROI is V/m, and the unit of focal area is mm 2 .
optimized montages could be meaningful, as they showed significantly improved focality and maintained intensity compared to typical tDCS montages (conventional and bipolar tDCS).
Our hypothesis was that the optimization technique could overcome the variation in predicted field distributions across individualized head models, and therefore, we simulated the conventional and optimized multi-array tDCSs using spherical and anatomical head models to investigate the geometrical variation in the head models' effect on stimulus-induced fields. In the spherical head models, reduced geometrical variation seemed to be established, as generally, the optimized multi-array tDCS produced perfect focality (100%) for EF and RF. For the conventional tDCS, the field distributions appeared in a region distal from the ROI, and thus showed obvious differences in field distributions attributable to anatomical variability. These results showed that the multiarray tDCS is quite effective in maximizing focality with specific direction. Further, in the anatomical head models, we found increased intensity and focality for the multi-array tDCS in general, which indicates that, despite geometrical differences, under the same safety conditions, the multi-array tDCS can influence the target area alone compared to the conventional tDCS.
D. STUDY LIMITATIONS
Although we observed geometrical variation's effect on stimulus-induced fields for tDCS in our model, we found that it is possible to maintain comparable or higher stimulus intensity and far higher focality across different head models through the optimized multi-array tDCS. However, there were some limitations in this study. First, we considered variation in CSF and skull thicknesses alone, while other layers had fixed thicknesses in the spherical head models. However, in the anatomical head models, each layer's local thickness depended on the brain location and subject, and various anatomical features likely influenced the simulation results, such as the sulcus depths and gyrus shapes. Therefore, future work should include analyses based on various geometrical features of head models. Second, only a small number of anatomical head models was constructed in this study, which was insufficient to yield statistically significant results. If more than 20 anatomical head models were constructed to obtain sufficient statistical significance, more analyzes would have been possible from various perspectives, which we will investigate. For example, correlation analysis between field distributions and various anatomical features is required for the conventional two-pad tDCS and multiarray tDCS. Third, the research was implemented from the macroscopic perspective, and thus, the tDCS effect was not observed at the microscopic level (neuronal excitability), but focused instead on field strengths in the GM (macroscopic level). The macroscopic perspective is useful to represent the target area of the brain, but microscopic analysis might provide insight related to brain function neuronal activity controls [48] . Therefore, further studies that conduct multi-scale analyses are needed [49] . Lastly, in this study the primary motor cortex was considered as ROI. According to Guler et al. [22] , the multi-array tDCS was optimized to target medial orbitofrontal cortex (MFC), anterior cingulate cortex (ACC), parahippocampal gyrus (PHCG), and precuneus (PC), respectively. They showed that the multi-array tDCS improved the efficiency of tDCS in intensity and focality for non-motor areas than the conventional tDCS. Thus, the multiarray tDCS might be used to target other brain areas by reducing geometrical variation effects.
E. SIGNIFICANCE OF THE STUDY
tDCS simulation studies that use the computational model are able to predict tDCS' effect on actual subjects well. Datta et al. [24] proposed the high-definition (HD) electrode ring configuration for tDCS using multiple disk-type electrodes and showed increased focality in the stimulus-induced EF compared to that in conventional tDCS (two-pad) with an anatomical head model [10] . Furthermore, three anatomical head models were constructed and stimulus-induced current flow was simulated to investigate subject-specific anatomy and electrode montage's (HD or two-pad electrodes) effects [19] . They found variation in the current flow, but it was restricted to within the ring perimeter of the HD electrodes across the three anatomical head models. Thus, they suggested that subject-specific modeling is useful to estimate tDCS effects.
To improve stimulus-induced EF's intensity and focality at target areas, several researchers have proposed multi-array optimization. Dmochowski et al. [20] suggested multi-array tDCS optimization initially with several optimization constraints, and investigated multi-array tDCS' effects on intensity and focality. Ruffini et al. [21] performed multi-array tDCS optimization based on positron emission tomography (PET) and functional magnetic resonance imaging (MRI). Further, Guler et al. [22] demonstrated multi-array optimization in several ROI as well as the primary motor cortex.
Thus far, multi-array tDCS has been proposed largely to increase either stimulus-induced EF's intensity or focality at the target area. In this work, we observed geometrical variations' effects on stimulus-induced EF in conventional tDCS and demonstrated normalized variation with respect to stimulus intensity and focality through optimization of multi-array tDCS. We incorporated 39 electrodes because more electrodes increase the degree of freedom, while HDtDCS uses typically one active electrode surrounded by four return electrodes [19] . Further, we constructed five spherical head models with varying skull and CSF thicknesses to specify their geometrical effects on field strengths, and constructed three anatomical head models to investigate complex anatomical variation overall. In the spherical head models, we found that the CSF thickness was correlated positively with the EF and RF magnitude when the sum of the thicknesses of CSF and skull was fixed. Further, although it was difficult to analyze specific geometrical features in the anatomical models, we observed subject-specific variations in field strengths. Thus, we confirmed that optimization of multi-array tDCS improved spatial precision with comparable or higher intensity than conventional approaches.
V. CONCLUSION
In this study, we investigated geometric variation's stimulation effects in conventional (two-pad) and multi-array tDCSs. Five concentric spherical head models with different skull/CSF thicknesses and three different anatomical head models based on individual MRI data were used in this study; three electrical field types (magnitude, radial, and tangential directions) were investigated. We found that geometrical variations influenced tDCSs significantly; in the optimized current pattern the anodes were likely to be located near the target region and cathodes tended to surround the anodes. However, the optimized multi-array tDCS yielded consistently comparable or higher intensity and far greater focality over various head models than did the conventional tDCS. Thus, it is expected that the optimization of multi-array tDCS has good potential to overcome individual variability in head geometry. 
